Production of high value products from glycerol via anaerobic fermentation is of utmost importance for the biodiesel industry. The microorganism Escherichia coli (E. coli) K12 was used for fermentation of glycerol. The effects of glycerol concentration and headspace conditions on the cell growth, ethanol and hydrogen production were investigated. A full factorial experimental design with 3 replicates was conducted in order to test these factors. Under the three headspace conditions tested, the increase of glycerol concentration accelerated glycerol fermentation. The yields of hydrogen and ethanol were the lowest when glycerol concentration of 10 g/L was used. The maximum production of hydrogen was observed with an initial glycerol concentration of 25 g/L at a final concentration of hydrogen was 32.15 mmol/L. This study demonstrated that hydrogen production negatively affects cell growth. Maximum ethanol yield was obtained with a glycerol concentration of 10 g/L and was up to 0.40 g/g glycerol under membrane condition headspace. Statistical optimization showed that optimal conditions for hydrogen production are 20 g/L initial glycerol with initial sparging of the reactor headspace. The optimal conditions for ethanol production are 10 g/L initial glycerol with membrane.
Introduction
The continuous use of fossil fuels is globally accepted as not sustainable largely because of the underlying environmental factors. The depletion of natural resources and the accumulation of greenhouse gasses posses' significant threat to global warming. Schenk et al. [1] reported that the greenhouse gasses in the environment have already exceeded "dangerously higher" threshold of 450 ppm CO 2 -e. These starling findings are leading governments to establish regulations to reduce CO 2 emissions. Furthermore, the increase dependency on foreign oil is of grave concern to national securities and economic stability.
Converting biomass-derived oil to biofuels is a viable substitute for petroleum-based liquid fuel. Glycerol is a by-product that in produced in abundance in biodiesel fuel production. Yazdani [2] reported that 10 lb of crude glycerol is generated for every 100 lb of biodiesel fuel produced by transesterification of vegetable oils or animal facts. The current growth in the biodiesel industry results to surplus glycerol being produced, thus the price of crude glycerol has dropped substantially [2] . The collapsed glycerol price has led to the shutdown of many glycerol producing plants, hence negatively affected the economic viability of the biodiesel industry [3] . As a result, glycerol becomes a waste stream instead of being a desirable co-product of significant economic value [2] and in compliance to environmental regulation the burden of cost for disposal of the effluent became a liability for plants [4] . Thus, improving the bioconversion methods of the low-cost glycerol into higher valued product will provide an incentive for the commercialization of glycerol into biofuel. Glycerol (C 3 H 8 O 3 :  = 4.7) is a better source of carbon compared to the common fermentable sugars (glucose C 6 H 12 O 6 :  = 4.0; xylose C 5 H 10 O 5 :  = 4.0) for fermentation [5, 6] . The common sugars (glucose, xylose etc) additionally produce succinate, and propanodiols during fermentation when compared to glycerol [2, 7] . The con-version of glycerol to a higher value product requires channelling the processes through chemical and biological pathways. Glycerol fermentation by organisms are mediated by two-branch-pathway, which results in the synthesis of the glycolytic intermediate dihydroxyacetone (DHA), dihydroxyacetone phosphate (DHAP) and the fermented product 1,3-propanediol (1,3-PDO) [2, 8, 9] . In effect the biological conversion process improves the function of chemical catalysis to synthesise crude glycerol with high levels of contaminants [2] . The microbial fermentation of glycerol can be either aerobic or anaerobic process; the anaerobic fermentation is preferred because of the low capital and operational costs of anaerobic fermenters.
The microbial conversion of glycerol to various compounds has been investigated by many authors [10] [11] [12] [13] [14] . Several microorganisms have been used to ferment glycerol into 1,3-propanediol (1,3-PDO) which is a basic ingredient for polyester production [15] . Kiebsiella pneumonia has been cited as an excellent producer of 1,3-PDO [16] , however, the presences of oxygen inhibits the metabolic pathway of converting glycerol into ethanol [17] . The Citrobacter species is another microbe that received many interest for fermenting glycerol into 1,3-PDO [18] , hence Clostridium species are also good candidates for similar reasons [19] . However, the pathogenicity, the need for strict anaerobic conditions, lack of genetic tools and requirement of rich nutrients can be limiting factors for the use of these microorganisms [20] . Esherishia coli (E. coli) is one of the most commonly used host organisms for metabolic engineering and industrial applications, because it is easy to manipulate genetically and can produce wide variety of anaerobic fermentation products [10] .
Dharmadi [21] , Hu and Wood [10] reported that E. coli ferments glycerol in a low pH medium, and the fermentation is dependent on CO 2 availability. These authors reported that oxidation of formate hydrogen lyase (FHL) produces CO 2 which severely impedes the fermentation process and block the FHL activity. Eighty percent (80%) of glycerol initially presented in the media is consumed within 84 h of the active growth period, producing 86% ethanol and 7% succinic acid with minor fraction of acetate and no detectable formate or lactate [22] . Yazdani et al. [22] created two strains of E. coli for the co-production of ethanol-hydrogen and ethanol-formate. They also reported high yield of ethanol with both strains and minimal synthesis of the by-products such as succinate and acetate. The yield observed in their study was higher than those obtained with other organisms. The accumulation of hydrogen was observed, and is problematic to the metabolic recycling and generates an unfavourable internal redox state [3] . Thus, controlling and preventing hydrogen accumulation during glycerol fermentation is significant in glycerol production [20] .
Esherishia coli can be used as a microorganism for a high-yield production of ethanol from low cost glycerol. However, there is lack of adequate information in literature on the ideal culture and effective fermentation conditions. Therefore, the aim of this research is to study effect different growth conditions and how it affects ethanol and hydrogen production during glycerol fermentation with E. coli in lab-scale bioreactors.
Materials and Methods

Microorganism and Maintenance
Esherishia coli MG1655 (ATCC 700926) was obtained from Cedar Lane Labs. The M9 minimal medium contained 990 ml distilled water, 2 ml of MgSO 4 , 10 ml of 20% glucose, 6.0 g Na 2 HPO 4 , 3.0 g KH 2 PO 4 , 0.5 g NaCl and 1.0 g NH 4 Cl were mixed. Agar (3.6 g) was added to 240 ml of this medium and autoclaved and subsequently poured into Petri dishes. Sixty millilitres of the medium was used to rehydrate the bacteria pellet. The bacteria was then transferred to the plates and grown overnight at 37˚C. Single colonies were then replaced onto Luria Bertani agar plates and incubated overnight at 37˚C. Single colonies selected from these agar plates were used to generate 80% glycerol stock solutions which were then stored at -80˚C.
At the beginning of each reactor run, a sterile pipette tip was used to transfer cells from glycerol stock into 5 ml of Luria Bertani media broth and incubated overnight at 37˚C. During the exponential growth phase, a sample was drawn and plated onto Luria Burtani agar plates and incubated at 37˚C in anaerobic state inside an anaerobic jar (Oxoid Anaerojar, AG0025A) for 24 hours.
Inoculums and Culture Medium
A modified rich buffer (10X MOPS) minimal media kit (Teknova, M2106) was used to make MOPS minimal media and supplemented with 10 ml of 0.132 N 2 HPO 4 and 1 ml 1 mol sodium selenite adjusted to pH 6.3 to serve as experimental media. The media was also sup- 
Analytical Methods
Biomass was measured by measuring dry weight which was in turn correlated with optical density. A 15 ml sample was collected and the optical density measured at 550 nm in spectrophotometer zeroed with sterile broth. The sample was then centrifuged for 10 minutes at 10 000 rpm. The pellet was collected and washed twice with 35 ml distilled water. It was then dried at 105˚C for 24 hours and weighed. The supernatant was collected and stored for analysis at -20˚C.
Glycerol concentration was determined using the glycerol assay kit (Megazyme, K-GCROL). Ethanol concentration was measured using the ethanol assay kit (Megazyme, K-ETOH). Hydrogen (H 2 ) concentration of the headspace was measured by taking samples through a septa with a syringe and direct injection into an HP Packard Series II 5890 GC with TCD detector and Porapak Q Molecular Sieve 5A column with argon carrier at 75 psig. A one point calibration was carried out to determine the relationship between peak size and H 2 concentration.
Experimental Design
A full (2 × 3) factorial design with 3 replicates was used. The factors were glycerol concentration and headspace and three levels were 10, 25, 50 g/L and initial sparging, continuous sparging membrane, respectively, were used as shown in Table 1 . Statistical analysis was conducted with SAS ® version 9.1 (SAS, 2003) statistical software package was used for data analysis. Figure 1 . Exponential production of hydrogen was observed during the first 12 h of fermentation and maximum concentration was achieved after 84 h of fermentation. Glycerol was almost completely consumed within the 84 hrs of fermentation when only 0.55 g/L of the initial 9.6 g/L of glycerol remained. The remaining time after the 84 h apparently falls within the stationary period. Dharmadi et al. [21] reported that within 84 h, 80% of the glycerol initially present in the medium was consumed, a trend different from this study large due to different microbial strains used as well as varied experimental conditions. Cell concentration in the first 36 h was observed to be 0.5 g/L and sluggishly reached 0.73 g/L at the end of 120 h fermentation. This could be attributed to the accumulation of hydrogen, thus inhibit development of biomass [20] . Glycerol concentration has an important impact from the economic point of view. It is desirable to avoid including more water than necessary in the system in order to minimize the energy consumption for heating and pumping in the reactor [23] . Figure 2 shows the comparison between cell growth and H 2 production in three different glycerol concentrations. The highest final dry weight concentration was observed at glycerol concentration of 25 g/L followed by 50 g/L and 10 g/L. This result is different from the results obtained by Zhu et al. [24] who reported that high levels of glycerol significantly inhibit cell growth. This difference may have occurred due to the different strains of E. coli used. The effect of headspace may have also contributed to some of the differences. The lowest final cell dry weight and highest hydrogen concentration were observed under initial sparging headspace condition. Continuous sparging and the membrane conditions promoted the stripping of fermentative gases from the process, hence the hydrogen production was limited [20] . Statistical analysis revealed that glycerol concentration and headspace condition significantly (at the 5% level) affected cell dry weight, ethanol and hydrogen production. Although hydrogen is a growth-associated product (as shown from Figure 1) , it inhibits the growth of Escherichia coli during glycerol fermentation. In general, as higher concentrations of hydrogen are produced, there was a decrease in the final cell dry weight concentrations. Figure 3 shows the comparison between cell growth and ethanol production in three different glycerol concentrations. As expected, final ethanol concentrations are somewhat related to cell growth since ethanol production is growth-dependent. The highest amount of ethanol produced and the highest cell dry weight were in the mem- brane headspace condition. The highest ethanol yield of 9 g/L was at the 50 g/L glycerol concentration.
Results and Discussion
Bioprocessing of Ethanol
Starting with glycerol concentration of 25 g/L, Ito et al. [25] reported lower final ethanol concentration of 0.80 g/L. Figure 4 shows the relationship between ethanol yield and headspace condition for the three different initial concentrations of glycerol tested. Ethanol yield was calculated by dividing the final ethanol concentration by the amount of glycerol used up. Since ethanol is considered as the most desirable product over the other fermented products, the ethanol yield can provide useful information concerning the treatments studied namely the headspace conditions and glycerol concentration. The highest ethanol yield was obtained from the use of a membrane with sparging as a headspace condition of initial glycerol concentration (10 g/L). A portion of the glycerol was used in the synthesis of cell mass while the remainder is used to synthesis the fermentation products principally ethanol. Thus, the best ethanol and H 2 production can be obtained using a membrane in the headspace with continuous sparging and starting with 10 or 25 g/L of glycerol concentration, respectively. A better understanding of the optimal conditions for glycerol fermentation for the production of hydrogen and ethanol can be done by statistical analysis of the results of the full factorial experimental design.
Process Optimization
Initial glycerol concentration and headspace conditions have different effects on ethanol and H 2 yields. A wide range of yields were obtained in the study. Hydrogen yield ranged from 0.02 to 1.58 mmol/g whereas ethanol yield ranged from 0.17 to 0.4 g/g. The optimum set of process variables were determined by applying the optimization tool in SAS software on the experimental data. Table 2 shows that to maximize ethanol yield, the conditions were 10 g/l as initial glycerol concentration and membrane as headspace condition. The corresponding yield obtained under the condition was 0.40. To maximize 
Conclusions
This work evaluated the effect of glycerol concentration, argon sparging and the use of silicon rubber membrane in lab-scale bioreactor using E. coli for glycerol fermentation and ethanol and H 2 production. Biomass production up to 1.82 g/L was obtained when using the membrane with 25 g/L of glycerol concentration and the cell growth was seen to be affected negatively by H 2 production. Ethanol yield was calculated by dividing the final ethanol concentration and the amount of glycerol consumed. The highest ethanol yield was obtained with continuous sparging in the headspace and 10 g/L initial glycerol concentration and was up to 0.38 g/g. H 2 production was up to 32.15 mmol/l; this was obtained under initial sparging conditions with 25 g/L initial glycerol concentration. The study showed that that the highest ethanol yield was obtained under membrane condition and 10 g/L initial glycerol concentration; therefore, for ethanol production, these conditions should be further investigated. For hydrogen production, another viable route of research, the highest H 2 yield was obtained with membrane condition and 25 g/L glycerol concentration. Statistical analysis and process optimization showed that the data indicates that the optimal conditions for hydrogen production are potentially 20 g/L initial glycerol condition with initial sparging for a yield of 1.40 mmol/g of glycerol.
Similar analysis for ethanol production showed a potential optimal condition of 10 g/L initial glycerol with membrane headspace condition for a yield up to 0.40 g/g.
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